The long-term evolution of deep geological repositories for nuclear waste is governed by geochemical processes in conjunction with mass and energy transport. A key role for the design of the multi-barrier system is the knowledge of long term changes at the interfaces between different materials. We investigate the porosity evolution at a generic interface between clay and cement containing materials. We use novel reactive transport codes that couple a Gibbs Energy Minimization (GEM) chemical equilibrium thermodynamic solver with mass transport solvers. Our simulations show that in the cementitious material, the porosity is increased due to the dissolution of portlandite. At the interface, the porosity is strongly reduced in the clay and cement compartment due to calcite precipitation and due to the precipitation of C-S-H solid solution. The time for clogging the interface is highly variable and depends on transport conditions and on the geochemical setup.
INTRODUCTION
The long-term evolution of deep geological repositories for nuclear waste is governed by geochemical processes in conjunction with mass and energy transport. A key role for the design of the multi-barrier system is the knowledge of processes at interfaces of different materials.
In Switzerland, it is planned to construct a deep geological repository for low-and intermediate level radioactive waste in a claystone host rock. Such waste is embedded in concrete, and the emplacement caverns will be backfilled with mortar ( Fig.1 ). In addition, it is planned to backfill the access tunnels with a bentonite-sand mixture. Such a repository would contain interfaces of clay-and cement-rich materials. These two geochemically very different materials are prone to interface reactions that may change the hydraulic, mechanical and transport material properties significantly.
Recently, numerous investigations have been conducted, either experimentally or with numerical models, in order to evaluate the long-term behavior of clay and cementitious barriers in deep geological repositories 1), 2), 3), 4) .
Reactive transport modeling of the interaction of hyperalkaline water and clay has been done earlier by de Windt et. al 5) , Gaucher and Blanc 2) , Gaucher et al. 6) , Trotignon et al. 7) and Traber and Mäder 1) . Traber and Mäder 1) calculated scenarios with different mineralogical inventories and different back-couplings of porosity changes to solute transport. They observed clogging in the clay or cement compartment depending on the setup of their scenario. Clogging times were variable between 40 years and 50,000 years Two-dimensional modeling of the hyperalkaline plume around a cementitious repository has been done by working groups in France 9) .
To simulate the process interactions, various models that couple chemistry with mass transport have been developed in the past. Based on the methodology used for simulation of chemical processes, they can be divided into two groups, Law-of-Mass-Action (LMA) concept and Gibbs Energy Minimization (GEM) approach. Generally, they are complementary with advantages and disadvantages on both sides. All the previously mentioned studies work with geochemical solvers that are based on the Law of Mass Action (LMA) approach. The GEM convex programming approach 10), 11), 12) is computationally more expensive than LMA and requires more thermodynamic data. However, the GEM method has certain advantages to describe complex geochemical environments such as aqueous -solid solution equilibria that include two or more multi-component phases. Unequivocal selection of stable phases is performed in GEM using the dual solution of the chemical equilibrium speciation problem (dual solution values are chemical potentials of elements in equilibrium state). With help of the GEM concept, also problems like equilibria involving surface complexation can be solved without site mole balances 13) . The redox state (pe) and activities (pH, fugacities of gases) are intrinsically computed from the GEM dual solution and standard chemical potentials.
In this work we investigate the porosity evolution at a generic interface between clay and cement containing materials with novel reactive transport codes that use the chemical GEM method for the calculation of thermodynamic equilibria 14) . The use of GEM method in reactive transport codes is a step to a more realistic description of complex geochemical systems.
The overall reactive transport problem can be separated into two parts, a geochemical and a transport related problem. In the second section, the geochemical problem is explained and in the third section, we summarize the results of coupled transport simulations. 
GEOCHEMICAL MODEL
The conceptual setup of the reactive transport model mimics an interface between cementitious backfill and a clay host rock. We use a simplified geochemical setup for both clay and cement. The focus on major reactive minerals and the exclusion of secondary minerals with uncertain thermodynamic data simplifies the analysis of the reactive calculations.
The chemical thermodynamic model is set up using the GEMS-PSI software package (http://gems.web.psi.ch), which implements a Gibbs Energy Minimization algorithm in thermodynamic modeling of equilibria in complex heterogeneous aquatic (geo)chemical systems. It can handle metastability and surface area of mineral phases, solid solution -aqueous solution equilibria, and adsorption/ion exchange 15) . GEMS-PSI includes a built-in thermodynamic database 16) which was enhanced with the Supcrt92-98 17) and the Cemdata-2007 data base 18), 19), 20), 21) . A standalone variant of GEMS-PSI, the GEMIPM2K kernel for coupling with transport codes is available.
Two systems, representing the initial clay and the cement compartments, were set up separately within the same GEMS modeling project. The conceptual compositions of the two compartments are listed in Table 1 . The GEM chemical model was set up based on the following independent components: Al, Br, C, Ca, H, O, Si, Sn. The stoichiometries and standard Gibbs energies (J/mol) of the chemical species (dependent components of phases) are listed in Table  A1 for standard reference. The aqueous phase is represented by utilizing Davies ion-association model. A subset of the C-S-H phase of cement is taken as an ideal solid solution between tobermorite and jennite end members, as described in Lothenbach and Winnefeld 18) . The clay, in a simplified fashion and in the current study, is represented by kaolinite. We have chosen kaolinite, as for this clay mineral the thermodynamic parameters are much more accurately known than for other clay minerals. In addition, we minimize the number of independent and dependent components. Br is inserted as a conservative tracer and used to check the accuracy of the transport code solution. Tin (Sn) is normally not present in cement or clay minerals. In the system definition it is used as SnO 2 to represent non-reactive solids ( Table 1) .
The chemical model was tested first in equilibrium calculations for the clay and the cement compartment. Results of the calculations are given in Table A2 . These two equilibrated models were used, after rescaling the volumes, for setting up the initial and boundary conditions of the reactive transport model. Although the simplified geochemical models were not set up to represent a specific porewater chemistry, pH values and redox conditions are very similar to the values obtained by Traber and Mäder 1) and Gaucher and Blanc 2) .
Sequential Batch Simulations
In a sequential batch process simulator a batch of solid phases is reacted with a fluid phase that is not in equilibrium with the batch. The resulting equilibrium fluid phase is removed and the remaining solid phases are equilibrated with a new aliquot of fresh fluid. The equilibrium composition of the system is therefore become increasingly fluid-buffered. This model essentially simulates the case where a pore fluid from one compartment is transported by pure advection (plug flow) towards the other compartment and reacts there instantaneously with the solids directly at the interface. Such simulations give a rough idea of the evolution of minerals and porosity next to the interface for a case where advection dominates the transport of solutes. It does not replace a fully coupled transport simulation, as the liquid-solid ratio is not back-coupled to the porosity evolution (volume change of solid phases), and the effect of changing fluid velocities is not considered.
The resulting evolution of the cement and clay system is shown in Fig.2 . In the cement compartment, the portlandite and the monocarbonate phases are dissolved within a few reaction steps. Calcite and later also amorphous silica are precipitating. Initially the volume of the C-S-H solid solution made of tobermorite and jennite end members is nearly constant, although the composition is changing. When the silica starts precipitating, the C-S-H solid solution is dissolved until only calcite and amorphous silica is present. These two solids are then in equilibrium with the clay pore water composition, and mineralogical transformations are not occurring anymore. The overall solid volume is in general decreasing slightly. The evolution of clay solid phases is more complex. The successive transformation of minerals is mainly caused by the availability of Ca-species from the cement porewater. While kaolinite is dissolving slowly, gibbsite and the C-S-H solid solution are forming. Once kaolinite is completely dissolved, stratlingite, monocarbonate and hemicarbonate phases are formed successively. At the same time, gibbsite is dissolving during the formation of stratlingite, and calcite is dissolving during the monocarbonate formation. These mineral transformations are also reflected in the compositional changes of the C-S-H solid solution. The overall solid volume for the clay phases is only slightly increasing during kaolinite dissolution. Once kaolinite is dissolved, the occurrence of the minerals with higher molar volume strongly increase the volume of the solid part of the system. In a real situation, such volume increase would result in a complete clogging of the pore space.
REACTIVE TRANSPORT SIMULATIONS
Two different reactive transport codes, GeoSys--GEM and MCOTAC-GEM, were used to calculate the evolution of the interface.
A coupled version of MCOTAC and GEMIPM2K is available to calculate one-dimensional systems. The modular structured code MCOTAC (Modular Coupling Of Transport And Chemistry) calculates groundwater hydraulics, transport of solutes, and their geochemical interaction with solids in one or two spatial dimensions 22), 23) . The MCOTAC code contains an own chemical solver based on the "law of mass action" (LMA) for calculation of geochemical reactions. The code is written in FORTRAN and C/C++.
GeoSys is based on the finite element method for solving partial differential equations 24), 25), 14) . During the numerical simulation, first the flow problem is solved, based on which fluid velocities are calculated. Then, the concentrations of all chemical species are determined by solving the advection-dispersion transport equations. Afterwards, the speciation vector (re-scaled to mole amounts) is passed to GEMIPM2K for the calculation of new chemical equilibrium states at all grid nodes. The equilibrated concentrations are retrieved for the next time step of the mass transport calculation. These intervening transport and equilibration loops keep going until the time interval for the reactive transport simulation is finished.
Model setup
The one dimensional model consists of finite difference (MCOTAC-GEM) or finite element (GeoSys-GEM) mesh consisting of 400 nodes. Half of the nodes are of cement and other half are of clay. Every node represents one millimeter at a field scale, which gives an overall model extension of 40 centimeter. The initial and boundary conditions of the transport calculations for the solid (immobile) species and the solutes, as well as the amount of water (porosity) were chosen according to the results of the thermodynamic equilibrium calculations from Table A2 .
We assume that the transport of the aqueous species is governed only by diffusion. All species got the same pore diffusion coefficient of 1.0×10 -10 m 2 s -1 . The effective diffusion coefficients are then the product between the pore diffusion coefficient and the local porosity. All geochemical calculations were 
Simulations
We present selected results from a simulation run with GeoSys-GEM up to the time where the porosity at the interface reaches a minimal value of 0.0001. We interpret this as a complete clogging of the corresponding element. Fig.3 and Fig.4 shows the evolution of solids at the clay and cement nodes closest to the interface, respectively. For the clay node, we can observe, that the evolution is very close to that observed in the sequential batch reactions for clay solids reacting with cement pore water. Kaolinite is dissolving, whereas the C-S-H solid solution and gibbsite is precipitating. On the cement side, the portlandite is dissolving very fast, followed by monocarbonate and calcite. Similar fast dissolution of portlandite was observed by Yang et al. (2008) 29) , who studied a bentonite-concrete liner interface. Portlandite dissolution leads to precipitation of the C-S-H solid solution mainly of tobermorite composition. The dissolution of calcite is not observed in the sequential batch reaction simulations. Figs.5 and 6 show the temporal and spatial evolution of the porosity near the interface. On the cement side, porosity is increased by about 0.04 due to the portlandite dissolution. Within 80 years of simulation time, this zone migrates 20-25 mm into the cement compartment. On the clay side of the interface, the porosity is reduced strongly due to C-S-H and calcite precipitation. After about 70 years a porosity of 0.0001 is reached, which is the lowest possible porosity allowed by the numerical code.
At the interface, the diffusive transport and the geochemical mineral transformations are slowed down due to the porosity reduction. As the effective local diffusion coefficient is calculated as a product from the pore diffusion coefficient and the local porosity, the local diffusive flux is directly proportional to the local porosity. In addition, the rate of geochemical transformations depends on the solid-liquid ratio. For low porosities, the solid-liquid ratio is very high, and only minor quantities of dissolved species are available for geochemical reactions.
In addition to the work presented here, Singh 26) used MCOTAC-GEM to simulate the same system with lower diffusion coefficients. In addition, he also investigated the effect of different spatial discretizations. For both cases, he found a similar evolution for both geochemistry and porosity on a different time scale. For example, taking a ten times smaller diffusion coefficient results in clogging times that are hundred times longer. He observed a similar lengthening of clogging times (by a factor of 100) for a change in discretization from 1 to 10 mm. Such effects can be explained by the diffusive nature of transport in the calculations, as the progress of a diffusive front has a square dependence on time. The observations of Singh 26) are in accordance with the results of Marty et al. 27) , who found that modeling results depend on many factors, namely spatial resolution of the numerical grid, and the use of kinetic constrains on the reaction rates.
SUMMARY AND OUTLOOK
We presented reactive transport simulations of a clay/cement interface with a simplified geochemistry. This is the first application of this kind for the new coupled reactive transport codes MCOTAC-GEM and GeoSys-GEM that utilize the GEMIPM2K standalone geochemical solver from the GEMS-PSI code package. We only show results of GeoSys-GEM calculations, but we also calculated the same system with MCOTAC-GEM and found a good agreement between both coupled codes.
Although we used a strongly simplified geochemical setup, we observed a complex evolution of the porosity near the interface. In our simulations and in other similar works from literature 1), 2), 3), 4), 5), 6), 7), 26), 29) , clogging of the interface is commonly observed. However, clogging times are highly uncertain and depend on several factors. Such clogging of interfaces was observed experimentally 28) and numerically 29) , but there is an urgent need for quantitative experiments that can be used to test, calibrate and validate the current numerical models.
The presented application will serve as a benchmark example for testing different coupling strategies. In addition, we are currently testing the inclusion of reaction kinetics, the full back-coupling to the flow field, and the coupling to other transport processes such as gas transport (multiphase-flow). 
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